Abstract. An analysis of how the detectivity and lifetime depend on the fabrication process of superconducting antenna-coupled microbolometers has been carried out. The temperature dependences of responsivity and noise equivalent power (NEP) have been estimated in terms of the thermal model. To reveal the main degradation mechanism, 1/f -noise characterization has been used. Monte-Carlo simulation of the annealing procedure of YBa 2 Cu 3 O 7 (YBCO) films for the operating ranges of frequency and temperature has shown that prevailing sources of flicker noise in superconducting microstrips are associated with transitions of oxygen atoms situated close to low-angle boundaries of the film blocks. The magnetron sputtering technique has been optimized to reduce the Hooge parameter for flicker noise to a record-breaking low value for YBCO films of about 10 −4 at 93 K. Comparative analysis of chemical, ion and laser etching techniques by low-temperature scanning electron microscopy and magneto-optics allowed the fabrication of microstrips with uniform current distribution characterized by critical current density higher than 10 6 A cm −2 at 77 K and long-time stability. The process of low-energy ion milling of YBCO films with an Ar + beam generated in a duopigatron ion source was used to reach a width resolution at the topology edge better than 0.2 µm. The antenna-coupled bolometers fabricated from the superconducting microstrips were used to register microwave radiation at a frequency of 70.3 GHz and temperature of 93 K. It is demonstrated that the developed technology makes possible the fabrication of long-lived YBCO-based antenna microbolometers with electrical NEP e = 1.5 × 10 −12 W Hz −1/2 . The calculated response time of the antenna is about 30-150 ns. Further development is associated with fabrication of coupling microbolometers with immersed lens, with predicted optical detectivity D * = (4 × 10 9 −4 × 10 10 ) cm Hz 1/2 W −1 in the wavelength range 100-1000 µm.
Introduction
Antenna-coupled microbolometers based on metallic films were proposed by Hwang et al [1] . The aim was to reduce the noise equivalent power (NEP) at high response speed of radiation-induced signal in the far infrared. Later, detectors of this kind based on films of high-temperature superconductors (HTS) were developed [2, 3] . The NEP of an HTS film microbolometer is mainly limited by an excess low-frequency noise in the current flowing through the HTS film (1/f , or flicker noise), as well as by a phonon noise due to random energy exchange between the film and substrate [4] .
The flicker noise in thin films is usually characterized by the Hooge parameter α, see, e.g., [5] . For epitaxial HTS YBa 2 Cu 3 O 7−x (YBCO) films α 10 −3 at 93 K, this value being at least 100 times greater than that in normal metals. Consequently, YBCO films are not strongly competitive regarding applications in bolometric devices. The only way to obtain a reasonable set of parameters for a superconductor is to employ the strong temperature dependence of its resistance in the vicinity of the superconducting transition. However, large values of α imply fast degradation of bolometers, since the flicker noise originates from rearrangement of metastable defects [6] .
The most probable mechanism of degradation of c-oriented YBCO films is oxygen egress from the film in the vicinity of planar defects, such as grain boundaries [7] . After that the oxygen deficiency spreads over the entire grain by diffusion which is 4-6 orders of magnitude stronger in the direction parallel to the CuO planes [8] . Consequently, in materials with large α the defect concentration is relatively large, and diffusion processes take place at relatively low temperature. The defects in planar YBCO film topologies are formed both in the process of film growth and during topology patterning. Modern superconductor electronics requires submicron resolution in device topologies.
However, attempts to employ the standard photolithography based on chemical etching failed to provide the necessary spatial resolution [9, 10] . Moreover, the chemical reaction between YBCO and water during wet etching in aqueous acid solution leads to degradation of the superconducting properties of the film [11] . The advantages of alternative processes of ion milling and laser scribing, such as purity and high spatial resolution [12] , are not realized in YBCO films. The reason is that such superconductor parameters as critical temperature (T c ), width of resistive transition ( T c ) and critical current density (j c ) [13] degrade substantially and the Hooge parameter increases under strong ion and coherentlight irradiation.
In this work, noise characteristics of YBCO films have been analysed together with the influence of the processing factors on their characteristics. Sources of flicker noise have been studied depending on working frequency f and temperature T . For this purpose, a Monte-Carlo modelling of the spatial oxygen distribution in the CuO plane and flicker noise sources on the frequency-temperature (f −T ) plane was carried out. To improve the noise properties and increase the lifetime of a superconducting structure, optimization of the cation composition was proposed. The superconducting properties of structures were controlled using a complex of local characterization techniques including both lowtemperature scanning electron microscopy (LTSEM) [11] and magneto-optics (MO) [14] . The obtained information allowed us to develop appropriate regimes of post-growth film treatment, such as low-energy ion milling and chemical patterning in organic etchant.
The results of noise measurements and calculations within the framework of the thermal model of YBCO antenna microbolometers [15] have been used to estimate the frequency dependence of the electrical noise parameter, NEP e . Results of preliminary laboratory trials with millimetre radiation at 70.3 GHz are presented.
NEP and responsivity of antenna-coupled microbolometer
In an antenna-coupled superconductor microbolometer (figure 1), high-frequency currents induced in the antenna by radiation are transmitted into a small microbolometer, with size much less than the radiation wavelength. The microbolometer converts the high-frequency current into an output electrical signal at the modulation frequency. Antenna microbolometers can be used in various self-complementary frequency-independent antennas, such as bow-tie, logperiodic or log-spiral ones. The main advantage of such a bolometer is that it is a thermal detector. Consequently, its operation can be effective over a very wide spectral region (from millimetres down to micrometres).
Antenna microbolometers are characterized by several conventional parameters. These are NEP, responsivity S and response time τ . The NEP is defined in the same way as for any thermal detector [3] . For a frequency band of 1 Hz it is given by
Here k is the Boltzmann constant, T b is the bolometer temperature, P b is the fluctuation power of background radiation, R is the bolometer resistance, ε is the absorption coefficient and G is the effective thermal conductance characterizing the thermal coupling between the bolometer and the heat sink. The first term in (1) is related to fluctuations in background radiation, the second arises from the random energy exchange between the bolometer and the heat sink via the thermal conductance G. The third term is associated with the Johnson noise of the bolometer resistance, the fourth is determined by the excess voltage 1/f noise (V 1/f ) of an HTS film. The fifth term describes the contribution of the amplifier noise (V amp ). The excess 1/f noise is given by the Hooge relation [5] :
where n is the carrier concentration, V is the volume of HTS film and I is the bias current. The bolometer responsivity can be expressed as
where γ is the temperature resistance coefficient, ω = 2πf is the modulation frequency, b = I 2 γ R/G is the heat stability coefficient, and τ = C/G is the thermal time constant, C being the heat capacity of the bolometer element. Note that, for optimal matching of the antenna impedance to the bolometer resistance as a load, the resistance of the microbolometric element should be about 50-100 . This value limits the response in accordance with formula (3).
In equations (1) and (3), the absorption coefficient for the antenna microbolometer [3] can be expressed as:
Here A eff = λ 2 g/4π is the effective antenna area, λ is the wavelength, g is the antenna gain in the direction of signal reception, η is the antenna efficiency, β is the antennaload coupling factor, and a 2 is the beam cross section. An immersed lens increases the optical efficiency of antenna microbolometers [3] . Along with NEP characteristics, another detector parameter associated with its sensitivity is usually used. For an antenna microbolometer in contact with a hyperhemispherical immersed lens, the specific detectivity D * is given by [16] [17] [18] :
where NEP e is determined at ε = 1. Expression (5) shows that D * of the antenna microbolometer depends on wavelength λ. It can be shown that, in the optimal situation, the NEP of a receiver decreases owing to the antenna by a factor λ/d in comparison with the conventional case. Here d is the linear dimension of the square sensitive element. For example, if λ = 100 µm and d = 1 µm, then NEP is reduced about 100-fold. On the other hand, the response time of antenna microbolometers is shorter than that of the conventional bolometer by a factor of (λ/d) 2 [18] . In the ideal case, the NEP of a thermal detector is limited by fluctuations of the background radiation. Note that for HTS antenna microbolometers the influence of the background noise on NEP may be essential only for a very small microbolometric element when other contributions to NEP in (1) decrease [18] .
Equations (1)- (3) show that NEP can be reduced by increasing the optical efficiency of the antenna, reducing the thermal conductance of the structure or by using HTS films with sharp superconducting transition and low 1/f noise. For an antenna microbolometer, the thermal conductance G is determined by heat release from the film into a substrate, which is mainly due to the boundary thermal resistance.
Simulations of electrical NEP e and S e were carried out with the antenna absorption coefficient assumed to be unity, within the framework of the thermal model proposed in [15] . The following mechanisms were taken into account, (i) heat spreading in the film, (ii) radial heat flow into the substrate, (iii) thermal resistance of the film/substrate interface, (iv) thermal resistance stipulated by the thermal conduction of the film and the substrate. Frequency dependences of the NEP e and S e were calculated for several sets of sizes for the experimentally observed values α = 10 −3 and 10 −5 , other parameters being listed in table 1. The background noise and preamplifier noise were neglected.
The results are shown in figure 2 . It can be seen that an electrical NEP e = 1.5 × 10 −12 W Hz −1/2 in the frequency [19] . § Data from [20] . can be achieved. At radio frequencies (>30 MHz), the responsivity is reduced owing to an increase of the thermal response time and the predominance of the Johnson noise of bolometer resistance [16] . Thus, the analysis of NEP e and S e , presented in figure 2, leads to a conclusion that bolometer characteristics can be noticeably improved by reducing the microbolometer's dimensions or by using low-1/f -noise YBCO epitaxial films. In particular, a 25-fold reduction of the bolometer's area makes NEP e 5 times lower.
Monte-Carlo modelling and flicker noise sources on the f −T plane
The time-dependent spatial distributions of oxygen atoms on two sublattices of the CuO plane were numerically simulated by means of the standard Monte-Carlo method with Metropolis probability distribution of energy changes [21] [22] [23] [24] . We employed the so-called ANNNI approach, taking into account two types of repulsion potential between the nearest oxygen atoms and one type of attraction potential between the nearest chain oxygen atoms via the Cu atom orbital located between them. The uniaxial strain in the CuO plane is given by the anisotropy of the potentials. The oxygen distribution was calculated by means of a model annealing. It was started at high temperature and random distribution of oxygen atoms on the sublattices and finished at low temperature and ordered distribution. As shown in [25, 26] , epitaxial YBCO films consist of grains with low-angle grain boundaries between them. The boundaries are both a channel for exchange of oxygen atoms belonging to different CuO planes and a channel of oxygen ingress into the film and egress out the film, depending on the regime of post-growth annealing and storage atmosphere [11, 26, 27] . The spatial distribution of oxygen loss in the vicinity of a block boundary can be determined as follows. As an example, 860 oxygen atoms were randomly scattered over a square lattice having 44×44 sites, which corresponded to oxygen nonstoichiometry δ = 0. Suppose that: (i) the block boundary passes through the sites with coordinates x = 0 and x = −1, y = −22-22, marked in the left part of figure 3(a) and (ii) an atom falling onto one of these sites is characterized by some probability of being excluded from the Monte-Carlo calculation. So, with temperature lowered (model annealing), atoms falling onto the sites with the mentioned coordinates after several modelling steps per atom, are excluded from the the Monte-Carlo calculation. In figure 3 , the final oxygen distribution after 10 3 steps per atom and removal of ∼100 atoms is shown. One can see that the concentration of oxygen vacancies substantially increases in the vicinity of the block boundary ( figure 3(a) ). The oxygen content is less than 6.5 near the boundary within a region about ten lattice parameters wide (figure 3(c)). A superconducting current through such a boundary would be strongly limited by weak coupling between adjoining blocks.
The energy barrier E between the nearest filled and empty oxygen sites was calculated using an approach proposed in [24] and based on harmonic potential wells at oxygen sites
where V i and V f are the interaction energies of the initial and final sites of an oxygen jump, V 0 is the binding energy of an isolated oxygen on the CuO plane, and V 0 ≈ 0.3 eV. The spatial distribution of the energy barriers, averaged over 8 nearest sites, is shown in figure 3 (b). It is seen that the barrier height became up to 4 times lower near the grain boundary, while for the rest of the block the decrease did not exceed 50%. One could expect strengthening of the lateral diffusion in this region. The energy spectra of defectfluctuators, determined by calculating the number of pairs with given energy barriers E, are shown in figure 4 . Spectra (c) and (d) were obtained by combining in an appropriate way spectra (a) and (b). In doing so their dependence on the block size was taken into account by calculating relative contributions of defects located inside a block and near its boundary. It can be seen that oxygen atoms located near the block boundary have energy barriers <0.5 eV, with the atoms belonging to chain defects characterized by barriers within the range 0.5-1.4 eV and those belonging to the ordered phase having barriers >1.4 eV. Since the defect hopping rate can be expressed as
D is of the order of the Debye frequency (∼10 −13 s −1 ), the barrier height E can be related to frequency f and temperature T by [28] :
This enables the ranges of the operating frequency f and temperature T to be determined as regions on the f −T plane where the flicker-noise sources enumerated above are predominant. It can be concluded that, in the vicinity of T c and for f > 1 Hz, the basic noise source is the oxygen motion near block boundaries. A similar conclusion can be made for other geometrically similar planar defects intersecting the CuO-plane, such as single dislocations and combinations of these, as well as angle and twinning boundaries. Evidently the activation energy for oxygen jumps does not exceed 0.5 eV near such boundaries. The dominant sources of flicker noise are presented in the f −T plane of figure 5 . So, we specify the following configurations of the oxygen atoms which act as the so-called fluctuators: (i) oxygen atoms located near block boundaries, (ii) oxygen atoms located close to chain defects and (iii) oxygen atoms located in the ordered phase. The frequencies below the broken straight line correspond to the rates of degradation processes. Thus, it can be concluded that the noise properties of HTSC films can be improved by: (i) reducing the amount of planar defects intersecting the CuO plane; (ii) using procedures able to transform planar defects into surface 3D defects, cation defects or any defects increasing the energy barriers for oxygen jumps; (iii) creating overpressure of oxygen during heat treatment and (iv) producing a protective layer to exclude oxygen leakage from the film into the atmosphere.
Film growth and diagnostics of YBCO films
The experimental and model investigations [11, [24] [25] [26] led to a conclusion that YBCO film processing should be modified, especially in the initial stage of film formation. Therefore, the specific discharge power at the shutter opening time was reduced from the nominal value w to ∼0.3w. For 25-30 minutes during the initial period the power was gradually increased to w = 4−5 W cm −2 and the substrate temperature T s was lowered by 20-30 K compared to that of the steady state growth process (∼1000 K). The pressure p of the gas mixture (Ar + O 2 with the partial pressure ratio ∼1:1) was maintained in the range from 40 to 80 Pa, with the film growth rate V g varying around 0.6−0.8 nm min −1 . After deposition the films were slowly cooled in oxygen atmosphere. Substrates of two types with different degrees of lattice mismatch, ξ = 2(a 1 − a 2 )/(a 1 + a 2 ), were used. Here a 1 , a 2 are the lattice parameters for the substrate and the film, respectively. For perovskite substrates, LaAlO 3 (2), and in the ordered phase (3). The broken straight line divides the area of operating frequencies of signal registration (>1 Hz) and the area of the frequencies corresponding to degradation processes.
and NdGaO 3 (NGO), ξ = 1.0−2.0%; while for MgO the structural mismatch is essential, ξ ≈ 9%. The film structure was analysed using Raman spectroscopy [27, 29, 30] . Raman spectra were excited by an Ar laser and measured by a spectrometer based on a double monochromator. To determine the composition of YBCO films, microanalysis of the lines Y L α , Ba L α , Cu K α , Cu L α and O K α was carried out using an x-ray 'Camebax' microanalyser [31] . The film morphology was studied with a CamScan Series 4-88 DV100 automated scanning electron microscope. To analyse orientation, grain size and intrinsic strain variation, the x-ray triple crystal diffraction technique was employed [25] .
Structure and composition of YBCO films
As known, the c ⊥ -oriented structure is a metastable phase of the YBa 2 Cu 3 O 7 compound [22, 29, 32] . Formation of c -microblocks oriented in a different way leads to the development of block boundaries, i.e. to a breach of oriented growth and deterioration of film characteristics. Low total pressure of the components and high temperature of the substrate enhance the surface diffusion and prevent nucleation of an alternative phase.
According to investigations of YBCO film formation on well-matched perovskite substrates [33, 34] , planar layer-by-layer growth, or the Frank-van der Merwe mechanism, is dominant beginning with approximately three c ⊥ -monolayers. On MgO substrates, formation of three-dimensional nuclei and spiral growth of islands were detected. Subsequent coalescence and complete surface coverage take place at a thickness of about 10c ⊥ -monolayers [34, 35] . The photographs of the film morphology shown in figure 4 illustrate the difference between the nucleation mechanisms at initial stages of growth on various substrates. Figure 6 (a) shows YBCO film with ∼5c ⊥ -monolayers grown on a LAO substrate by the layer-by-layer mechanism. The film has smooth morphology with small amount of inclusions possibly growing on the defects of the substrate. The superconducting phase on substrates with small mismatch ξ can be stabilized by cation and dimensional defects. However, screw dislocations appearing at in subsequent growth stages lead to the development of a surface relief.
As concluded from thermodynamic estimates in [32, 35] , the film growth regimes used in real preparation processes do not meet the conditions for formation of the equilibrium (123) phase. However, the most probable stabilization mechanism of the perovskite phase is determined by the planar and point cation defects.
An analysis of the YO 1.5 -CuO-BaO chemical system in terms of geometric thermodynamics [36] has shown that the Gibbs potential G of the (123) phase should be reduced through formation of non-equilibrium defects by ∼50 kJ/gatoms, i.e. by (20) (21) (22) (23) (24) (25) %. There are probable mechanisms of structure stabilization through formation of a defect 235 ortho-phase [32, 37] . This suggestion is based on studies of the cation composition of the YBCO/LAO films. It has been found that YBCO films with good superconducting characteristics are slightly deficient in Ba and Cu. This conclusion agrees with the results of [38] for YBCO/LAO structures. The excess Y atoms may occupy the Ba positions, which leads to formation of Y Ba substitution defects which, in turn, improve stabilization of the c ⊥ -oriented YBCO phase. As noted in [39] , Ba-deficient films show a tendency towards c ⊥ -orientation.
Fabrication of microstrips, and chemical etching
Au/Ag contact pads were deposited on YBCO films by vacuum evaporation through masks at p ∼ 10 −5 Torr and T ∼ 450 K. The total thickness of the electrode layer was about 500 nm. The basic stage of micro-profiling is film etching through a photoresistive mask. Solutions of sulfuric, hydrochloric, nitric or acetic acids are often used, although these etchants provide high etching rate (V et ) even at a very weak concentration (lower than 5-vol %), [13, 40] . A linear dependence of V et on the acid concentration and poor reproducibility are characteristic of acid solutions with pH < 7. For this reason, Trilon-B, disodium salt of ethylenediamine tetraacetate (EDTA) [41] belonging to alkaline solutions with pH > 10, was tested as etchant in this work.
First, the film structure was covered with a photoresistive layer, and then the sample was subjected to a standard photolithographic procedure. The film thickness was measured with a micro-profilometer, and an optical microscope was used to measure the lateral undercut after photoresist removal. The concentration dependences of V et are given in figure 7 . The etching rate in Trilon-B was much lower in comparison with other solutions used. The temperature dependence V et for 30% Trilon-B is shown in figure 8 . The lateral undercut (z) was calculated using the formula z = (w 0 − w 1 )/w 0 , where w 0 and w 1 are the width of photomask microstrip and that of the film after etching, respectively. The experimental results are presented in table 2, showing that the best results are obtained in regime 3. Samples of varied structural perfection were chosen. High-quality films with T c ∼ 90 K and smooth surface are almost insensitive to photolithography. Granular films with Table 3 . Electrical parameters of YBCO films subjected to photolithography (PL) and chemical etching in various acids. Critical temperature T c corresponds to zero resistivity, T c is the width of the resistive transition, r = R 300 /R 0 is the ratio of sample resistance at 300 K to the value measured just before the resistive transition.
Sample Regime Before PL After PL Before PL After PL Before PL After PL T c = 80−86 K appear to be sensitive to etching. The results of measurements of the electrical properties of YBCO films for various etching regimes are given in table 3. It can be seen that the influence of the Trilon-B process on the film parameters is much less than that of etching in acid solutions.
The undercut in Trilon-B is 0-6%, being 12-27% for the H 3 PO 4 solution. After etching and removal of the photoresistive mask, the microstrip topologies were subjected to thermal treatment in oxygen at ∼500
• C for ∼30 min with gradual heating and cooling. The thermal treatment eliminated probable infringements in the film and reduced the ohmic resistance of the contact pads. The acceptable spatial resolution and insignificant patterning infringements indicate that chemical patterning with organic etchant Trilon-B is a competitive and promising method for micropatterning of integrated cryoelectronic devices.
Ion and laser etching of YBCO films
A vacuum chamber and a specially made duopigatron ion gun [9] were used for dry etching of YBCO films. The chamber was evacuated to a pressure of 10 −6 Torr, with the pressure not rising above 10 of diameter ∼35 mm and uniformity ∼95%. The energy of the ion beam was varied within 50-1500 eV at a current density of up to 1 mA cm −2 . The duopigatron ion gun [42] , shown schematically in figure 9 , is a modification of a duoplasmatron source in which dense low temperature plasma is generated by ion emission from a large surface. Duoplasmatron allows obtaining ion emission currents of tens of mA per 1 cm 2 and forming a dot source with small aperture for gas flowing from a discharge chamber towards an accelerating channel. A beam having wide aperture and high density of accelerated particles is created by a special plasma expander ensuring a discharge regime with oscillating electrons. The duopigatron discharge plasma consists of two parts -the cathode and anode regions divided by a double neutral layer. The presence of a longitudinal magnetic field results in a strongly nonuniform radial distribution. Introduction of a crossed multipolar magnetic field on the anode region periphery allows a reduction in the loss of plasma ions and electrons. This improves essentially the uniformity of the j + -distribution on the emission surface. The crossed magnetic field is induced by permanent magnets with alternating poles symmetrically located along the generatrix of the cylindrical anode. The magnetic field is ∼0.1 T at the anode, steeply falling towards the axis of the discharge chamber.
A special microstrip YBCO sample with Ag electrodes shielded from the ion beam was used as a probe of the ion etching process. The film resistance R was measured, and, at the instant of sharp increase of resistance dR/dt corresponding to the complete removal of the film, the ion gun was automatically switched off. Figure 10 the dependence of the ion etching rate on the accelerating voltage U 0 in the range 300-600 eV at ion current density j ≈ 0.3 mA cm −2 . The sample temperature during etching did not exceed 350 K.
The geometrical parameters and microstrip morphology were monitored using a CamScan microscope. Figure 11 shows images of YBCO microstrips patterned by various etching methods. The technology of chemical and ion etching provides rather high resolution. The width of the topology edge did not exceed 0.2 µm. Although the microstrips prepared by ion etching have the flattest edges and better resolution, it is necessary to take into account that chemically etched samples were not exposed to radiation and high temperature perturbations.
The technology of laser etching of YBCO films was also investigated using an LGI-505 nitrogen laser (λ = 370 nm). The pulse duration was 7 ns, with pulse energy density of up to 4 J cm −2 , beam diameter on the sample of about 5 µm and repetition frequency of about 1 kHz. Figure 11(d) shows the edge of a film topology after laser etching. A dielectric lapel about 3 µm wide is clearly seen. This lapel results from the emission of a melt wave towards the periphery of the laser beam. According to microprobe analysis, the lapel area contained an excess of Y and Ba (no more than 10-15 at%). Probably the size of this area is determined by the depth of strong heating of the film edge (about 3 µm), [43] . The drops observed on the surface of the film topology indicate that the wave of melt is thrown out onto the edge by a torch of laser plasma [43, 44] .
The photographs of laser-patterned strips show a brighter region adjoining the film edge, about 30 µm wide. This region of the strip is characterized by the occurrence of surface and structural damages. The improvement of the laser etching regimes by modification of the optical equipment and use of a flexible control over the laser beam power allowed reducing the size of the damage area. Although the spatial resolution of the laser scribing is worse than that in the case of the other processes considered, this method can be successfully used to form contact pads and other structures with characteristic dimensions (CD) exceeding 100 µm. It can also be used to correct structural topology faults with CD of no less than 10 µm. 
Noise characterization of YBCO microstrips
Preliminary studies of microstrips formed on substrates with different lattice mismatch values were carried out to determine the dependence of the noise level and film lifetime on intrinsic microstrain [25] . The results of these studies are shown in 5 Hz. The Hooge-parameter was calculated using formula (2) and assuming carrier concentration n = 10 21 cm −3 . The results of noise measurements and simulations based on equation (2) are presented in figure 12 . The noise level in the microstrips prepared under improved processing regimes is essentially lower, which is seen from comparison of curves 1 and 2 in figure 12 . Curves 2 and 3 demonstrate a considerably higher noise level at high temperature for the samples patterned by ion etching in comparison with the films patterned chemically. Furthermore, the noise in the normal state of the microstrips patterned by ion etching appears to be very low (α < 10 −4 at 93 K). This fact indicates that noise sources are suppressed at temperatures close to the phase transition. It should be noted that these samples degraded rather quickly. Thus, they were not used for fabrication of test microbolometers. The most probable damage in the microstrips occurs in the oxygen chains in the CuO planes. The relation between low temperature noise characteristics demonstrates some stabilization of oxygen defects located near the low-angle boundaries in the CuO planes.
Thus, noise studies of YBCO superconducting films in the normal state allow important information about the nature of the flicker noise sources to be obtained. The basic prerequisite for such studies is the absence of large-scale spatial inhomogeneties-cracks, constrictions and other defects of this kind-making the current density distribution essentially non-uniform. The current density distribution was determined using SEM, EBIV and MO techniques.
Magneto-optical and EBIV images of YBCO microstrips
The magneto-optical technique can visualize the magnetic flux distribution in a superconducting strip [15] . The technique is based on the Faraday effect of polarization plane rotation of incident light by an indicator film placed directly on the superconductor surface. The rotation angle is an increasing function of the magnetic field component perpendicular to the film plane, ϕ(B z ). Bi-doped yttrium iron garnet films with in-plane magnetization [46] were used as magneto-optical indicators. The distance between the indicator and the sample surface was about 10 µm. The images were recorded using an optical microsope and a Kodak DCS420 digital 8-bit camera. After recording, the temperature was raised to ∼95 K and calibration was carried out. The calibration consists in measuring the image brightness as a function of the local magnetic field to take into account both ϕ(B z ) and the transfer function of the optics. The set of images was taken at various magnetic fields and stored. This allowed, for every pixel of the image, a calibration function taking into account of the possible nonuniformity of light intensity and indicator film to be obtained. Figures 13(a, b) show MO images of YBCO film microstrips, in which the contrast is roughly proportional to squared magnetic flux density. The bright regions correspond to higher magnetic field. The presented images differ in the type of etching process used for film patterning. The image presented in figure 13 (a) corresponds to a chemically etched microstrip while that in figure 13(b) was obtained on an ion-milled structure. The flux distribution along the microstrip in figure 13(a) is rather homogeneous, which indicates the absence of weak links and other large defects. The superconductor shields the magnetic flux, which leads to higher magnetic flux density near the microstrip edges. At low external magnetic field induction, the magnetic flux does not penetrate into the central part of the microstrip. One can expect zero flux density there. However, the observed function of the field distribution is smoothed somewhat, since the magnetic field is measured at a height of about 10 µm, rather than in the surface plane. The sample presented in figure 13 (b) was subjected to ion etching. It can be seen that the penetration of magnetic field into the microstrip is not uniform. Bright spots in the central part of the strip correspond to inclusions of secondary phase, similar to those seen in figure 6(a) . When the film thickness becomes larger than 200 nm, the height of this outgrowth exceeds one micrometre. This leads to thickness nonuniformity of the protective photoresist layer and the resulting formation of punctures in the layer in the course of ion bombardment. These punctures are responsible for the local reduction of critical current density and even for formation of voids in the bulk of YBCO films. The difference is especially appreciable in the MO images obtained in high-induction magnetic field, when the rest of the strip is penetrated by magnetic field.
The Bean model [47] was applied to quantitative analysis of the experimental data. According to the model, the current distribution in a thin strip is given by [48, 49] :
where
is the thickness, and w is the halfwidth of the microstrip. When the external field exceeds the critical value B c , the entire strip area is penetrated by the field: a = 0. The magnetic field component perpendicular to the film plane at height h can be obtained according to the Biot-SavartLaplace law [50] :
B(x) and J (x) profiles for the analysed strip crosssections with the best shielding of external field B a > B c are shown in figure 14 . The best fit of the curves calculated by equations (7), (8) and j c = 4 × 10 10 A m −2 for the chemically and ion etched films, respectively, with h = 0.18, w = 9 µm. It should be noted that equations (7), (8) are only valid for a uniform strip with infinite length. In the framework of the Bean model, the current distribution B a > B c has a meander-like shape (see figure 14) . Real J (x) profiles obtained from measured B(x) dependences by a direct deconvolution technique [50] show quite a nonuniform current distribution across the strips. This nonuniformity is very strong in the case of ion milling. The sharp peaks in the profile testify to the formation of a narrow channel for current percolation through the film damaged by ion bombardment, whereas the J (x) profile for the chemically etched sample shows better agreement with the Bean model prediction. The smooth shape of the profile could be a result of both Fourier filtering [50] and the finite number of image pixels used for calculation. The method proposed in [51] for estimation of the critical current density was employed to reconstruct the j c (y) dependence from the magnetic field distribution B(x, y). The dependences j c (y) calculated for both strips are shown in figure 13(d) . It can be seen that the sample patterned by ion etching has lower critical current and much less uniform distribution j c .
The EBIV technique is based on registering the voltage induced by changes of local resistance of a sample fragment as a result of local heating by electron beam irradiation [11, 31, 52] . To carry out a SEM study in the EBIV mode, the scanning electron microscope was equipped with a cooling-stage system with an Oxford Instruments temperature controller providing temperature stabilization to within 0.05 K. The EBIV signal was registered using a low-noise preamplifier built in the microscope chamber. An electron probe scanning over a microstrip surface produces an EBIV image. At T > T c , the EBIV signal is almost bolometric. The image intensity is proportional to the temperature derivative of resistivity at this point of the strip. First, a set of images should be taken for the temperature interval corresponding to the transition from zero to normal resistivity with a temperature step of 0.1 K. Then, reconstruction of the temperature dependence of the local film resistivity by solving a set of Kirchhoff's equations furnishes an opportunity to reveal microscopic nonuniformities of the critical temperature as well as those of the superconducting transition width. At T = T c , the image intensity is proportional to the local critical current density. Figure 15 (a) shows a microbolometer about 2 µm wide in the narrowest part. The bright spot corresponds to the resistive state. The rest of the microbolometer is in the superconducting state. The bright region is the only region with nearly critical current density at given temperature T = 87 K and transport current density j = 10 6 A cm −2 . That is why the electron beam turns it into the normal state and produces the EBIV signal. Comparison of EBIV images and the temperature dependences of the microbolometer resistance allows the area involved in formation of bolometric response at given temperature and current density to be determined. For instance, under conditions associated with the EBIV image in figure 15(a) , this area does not exceed 2×1 µm 2 . In this case, the microstrip properties strongly depend on the current flowing through this region ( figure 15(b) ). Consequently, EBIV can be used to control the microbolometer operating point [3] .
Thus, it can be concluded that, to fabricate wide microstrips, it is reasonable to use chemical etching. Ion etching leads to high radiation and thermal load and the resulting formation of a large number of defects reducing the oxygen content. The film structure and the oxygen content can be partly restored by heat treatment in oxygen at T ∼ 750 K. At microstrip edges there are defects formed through destruction of the cation sublattice because of the lateral undercut formed in etching. Chemical etching does not exert any appreciable influence on the middle of the microstrip. the film quality: existence of grain boundaries, inclusions, porosity. It should be noted that even thick films on the MgO substrate with strong lattice mismatch did not sustain repeated thermocycling during EBIV and MO measurements. After 10-100 cycles these samples were covered with a network of microcracks. Only epitaxial films with smooth morphology, grown on substrates with good lattice matching (LaAlO 3 and NdGaO 3 ), could be used for microbolometer production. Appearance of grain boundaries in the active region of microbolometers dramatically decreases their lifetime and increases the low-frequency noise level.
Test of the antenna coupled microbolometers
Microbolometers with the geometry shown schematically in figure 1(a) were studied in a cryostat filled with liquid nitrogen. A sample was mounted on a copper holder fixed at the lower wall of the vessel, using a Teflon thermal filter, as shown in figure 16 . This filter with a heat conductivity G = 0.01 W K −1 ensured required accuracy in determining the sample temperature. An internal wire heater with resistance of 300 , placed in a copper holder, served for precise measurements of temperature dependences and for setting the holder temperature to the optimal operating point. The heater current did not exceed 20 mA. The electric part of the installation contained a variable low-noise wirewound resistor for adjustment of the current flowing through the microbolometer and a spectrum analyser for measuring the signal and noise voltages of microbolometers. The preamplifier noise level was 7×10 −9 V Hz −1/2 at f = 10 Hz and 2 × 10 −9 V Hz −1/2 at f = 10 kHz. As far as the characteristics of the employed bow-tie antenna are frequency-independent in a wide range, radiation from a G4-104 clystron generator with the frequency f = 70.3 GHz was used for the first experiments. The microwave radiation that passed through the crystal quartz window into the cryostat was amplitude-modulated by a low frequency signal in a wide range, up to 120 kHz, with pulse front duration no more than 0.2 µs, which was essentially shorter than the time constant of the microbolometer.
The parameters of YBCO/LAO microbolometers were measured, and the results obtained for the two best samples are listed in table 5. Figure 17 shows the temperature dependences of various microbolometer parameters. The test signal had carrying frequency of 70.3 GHz and modulation frequency of about 1 kHz; the bias current density was 3 × 10 6 A cm −2 . Preliminary experiments with radiation in the millimetre wavelength range showed that the tested antenna microbolometers are sensitive to radiation polarization. This confirms the antenna-mode operation of the tested detectors.
The tested microbolometer structures were not coupled to immersed lens, so the measurements only allowed the estimation of the electrical NEP e and S e . For this purpose, the measured values of the thermal conductance G, resistance R, slope dR/dT , bias current I and voltage noise at the operating point were used. Experiments with pulsed millimetre radiation showed that the response times of tested microbolometers were essentially shorter than 200 ns. Table 5 lists the calculated values of the response time.
The NEP e values are governed by the phonon noise determined by the second term in equation (1) near T c ) at very small dimensions of the microbolometer element, allowed NEP e to be improved by almost an order of magnitude compared with that of antenna YBCO microbolometers on NdGaO substrate [4] .
Certainly, for application purposes it is important to know the optical detectivity D * of a detector. The expected parameters shown in table 5 were calculated using formula (5) for λ = 300 µm, assuming the absorption coefficient of the immersed antenna microbolometer to be ε = 0.3.
Conclusions
Based on the theory of antenna-coupled microbolometers, ways to improve their characteristics are proposed. The results of Monte-Carlo modelling of YBCO film annealing have been used to improve the fabrication process of superconducting microstrips. The developed techniques of magnetron sputtering and chemical and ion etching permitted fabrication of superconducting microstrips of micrometre dimensions: width 1−3 µm, length 1−5 µm and thickness 0.2−1 µm. A comparison of the quality of different microstrips was made using electron microscopic analysis, magneto-optical images and flicker noise measurements. The concentration of the 1/f noise sources, i.e., the fluctuator density in the energy range 0.2-0.6 eV, was reduced approximately 3-fold compared to the known results. This allowed the excess 1/f noise in YBCO microstrips to be considerably reduced and allowed a noise Hooge-parameter of about 10 −4 at 93 K to be obtained. It was shown that the low-noise microbolometers have a lifetime 3-10 times longer than in the typical case. The first trial experiments with model antenna-coupled microbolometers were performed at a frequency of 70.3 GHz. In combination with an immersed lens the developed microbolometers allowed the fabrication of detectors with optical detectivity D * = 4 × 10 9 −4 × 10 10 cm Hz 1/2 W −1 for monitoring fast radiation processes in the wavelength range 100-1000 µm. The results achieved in this work can serve as a basis for development of HTS microbolometer arrays. This kind of arrays has real prospects for being used in registration devices of infrared images, necessary for systems of environmental monitoring, industrial control, geological investigations, space supervision and scientific investigations, especially for registration of rapidly changing spatial temperature fields. Superconducting microbolometers fabricated in accordance with the technology described could be used in various spectral devices, for example, in Fourier spectrometers, pulse photometry and laser location.
